INTRODUCTION
Receptor-stimulated inositol phospholipid hydrolysis is a signal transduction mechanism for a variety of hormones and neurotransmitters in brain and other tissues (Berridge, 1984; Nishizuka, 1984) . Agonists bind to specific recognition sites and activate a phospholipase C which hydrolyses membrane inositides, in particular PIP2 (Kirk et al., 1981; Berridge et al., 1983; Litosch et al., 1983) . The phosphodiesteratic cleavage products, IP3 and DAG, are then released and may act as second messengers to amplify the original receptor signal. IP3 has been shown to release ca-lcium from intracellular stores and DAG can activate protein kinase C (Streb et al., 1983; Takai et al., 1979 ). The precise mechanism whereby the receptor-agonist complex is coupled to the phospholipase is not presently known. Radioligand binding techniques have suggested that the binding of agonists to receptors which are known to stimulate inositide hydrolysis (e.g., a,-adrenergic and muscarinic cholinergic) is modulated by guanine nucleotides (Goodhardt et al., 1982; Evans et al., 1985) . Receptors which are coupled to adenylate cyclase characteristically show similar changes in binding of agonists in the presence of guanine nucleotides. It is now established that these changes in binding reflect the presence of a guanine nucleotide binding protein (N-protein) which is involved in the transfer of signal from agonist-occupied receptors to the catalytic unit of adenylate cyclase. Using prelabelled cortical membranes, we now show that guanine nucleotides directly activate a phospholipase C which hydrolyses PIP2. This suggests that in isolated cortical membranes an N-protein may regulate the activity ofphosphoinositide phosphodiesterase. (Gonzales & Crews, 1984) . The slices were labelled by incubation for 90 min with [3H]inositol in a Krebs-Ringer buffer (KRB) containing no calcium. After the labelling period, the slices were washed with fresh buffer and cooled in an ice bath followed by two additional washes with cold KRB containing 1 mM-EDTA. The labelled slices were homogenized gently using five strokes by hand in a glass/glass homogenizer as described (Chasin et al., 1974 Gonzales & Crews, 1984) .
MATERIALS AND METHODS
Briefly, 200-300 ,g of membrane protein was added to warmed tubes (37°C) containing 20 mM-Tris/HCl and appropriate drugs or buffer in a final volume of 0.25 ml. After 15 min, 1.0 ml of chloroform/methanol (1: 2, v/v) was added and the tubes were shaken. Extraction oflipids and Dowex-l (formate form) chromatography of the labelled water-soluble organic phosphates was performed exactly as described by Gonzales & Crews (1984) . (Fig. 4) (Fig. 5) DISCUSSION A large variety of hormone and neurotransmitter receptors are thought to activate an inositide-specific phospholipase C as an initial event in the receptorstimulated biochemical cascade (see reviews by Berridge, 1984, and Michell, 1975) . Studies on receptors which are linked to adenylate cyclase have shown that a guanine nucleotide binding protein couples agonist-bound receptors to the enzyme adenylate cyclase. Similar studies have recently appeared in the literature which suggest that the enzyme phosphoinositide phosphodiesterase may also be coupled to certain receptors through an N-protein (Cockcroft & Gomperts, 1985; Litosch et al., 1985; Nakamura & Ui, 1985) . This concept is supported by the existence of a large variety of N-proteins whose functions are currently not known. We have now shown that guanine nucleotides can stimulate the hydrolysis of phosphoinositides in isolated cerebral cortical membranes, a tissue in which a robust agonist-stimulated PI turnover has been demonstrated previously (Brown et al., 1984; Gonzales & Crews, 1984) Although we have not been successful in demonstrating direct agonist stimulation of inositide hydrolysis in the membrane preparation we have developed, our data are consistent with the hypothesis that an N-protein mediates the coupling of the receptor to the phospholipase C. The time course of Gpp[NH]p stimulation of inositide hydrolysis is rapid (< 30 s), similar to that previously shown for agonist-stimulated PI turnover (Berridge, 1983) . The levelling offofthe hydrolysis ofinositides after 2 min may be due to depletion of substrate which cannot be replenished in the isolated membranes or to lability of the proposed N-protein. The guanine nucleotide stimulated effect is selective for inositol lipids over choline-containing lipids. Finally, we have shown that PIP2 is a substrate for the phospholipase C which is activated by Gpp[NH]p. These characteristics of guanine nucleotide stimulated inositide hydrolysis are similar to those observed for agonist stimulated inositol lipid breakdown. Thus, our results suggest that a specific phosphoinositide phosphodiesterase is activated by the presence of guanine nucleotides.
RESULTS
A point of controversy concerning the physiological function of receptor-stimulated inositide hydrolysis has been whether this event represents a calcium 'gate' for the mobilization of calcium and further cell activation (Michell, 1975; Hawthorne, 1982) . Evidence that the receptor-stimulated event is independent of calcium has been presented in favour of the calcium gating hypothesis (Kirk et al., 1981) . However, there may be tissue-and receptor-specific calcium requirements for the stimulation of inositol lipid hydrolysis Griffin et al., 1979) . Brain tissue has been suggested to support both calcium-and receptor-mediated inositide hydrolysis (Fisher & Agranoff, 1980) . It is of interest, therefore, that we have shown both calcium-and guanine nucleotide-stimulated inositide hydrolysis in isolated cerebral cortical membranes (Fig. 4) . The pattern of activation of the inositide phosphodiesterase by calcium alone in our membrane is remarkably similar to the pattern obtained with a soluble phosphoinositide phosphodiesterase from brain in a low ionic strength medium (Irvine et al., 1985) . A similar calcium-activated enzyme has also been described in mammalian neutrophil membranes (Cockcroft et al., 1984 lation is clearly additive with calcium below levels of 100 /LM, implying that the guanine nucleotide activation of the phospholipase C is independent ofcalcium and not controlled by intracellular calcium concentrations. The exact amount of free calcium in our assay system is unknown. However, the slices have been washed exhaustively with calcium-free buffer, homogenized in an EDTA-containing solution, and finally washed in calcium-free buffer. Thus, there are probably only very low levels (less than micromolar) of free calcium available. If the guanine nucleotide stimulated hydrolysis ofinositol lipidsrepresents the action ofa receptor-coupled phosphodiesterase, this may be evidence that receptorstimulated PI turnover is also independent of calcium. One must bear in mind that we have not measured rates of enzyme activity but maximum responses, and we cannot exclude the possibility that low micromolar levels of calcium may influence the initial rate of inositide hydrolysis. However, until receptor-coupled inositide hydrolysis is demonstrated in brain membranes, the exact calcium and guanine nucleotide requirements for specific receptors which are coupled to inositide hydrolysis will remain unknown. In keeping with the suggestion of , it is possible that some receptors which activate inositol lipid breakdown in brain are calcium-mobilizing and others are calcium-requiring.
Guanine nucleotides were found to be the most effective nucleotides which stimulated inositide hydrolysis in isolated cortical membranes. The nonhydrolysable analogues of GTP were most effective; however, GMP was also very effective. The effects of GTP and GDP were interesting in that they possessed a biphasic concentration-effect curve with maximal stimulation at 100 /tsM and inhibitory effects at higher concentrations (3 mM). These results are remarkably similar to those of Gomperts (1983) who found that high concentrations (> 300 /M) of GMP stimulated histamine release from mast cells and that GDP had inhibitory effects. The presence of phosphatases in the membranes, as well as the inherent instability of these nucleotides, makes the exact concentrations of these compounds difficult to state during the 15 min incubation we used. However, increasing concentrations of GTP and GDP resulted in inhibitory effects rather than stimulatory effects. In addition, inclusion of 1 mM-GTPinhibitedthestimulationofinositidehydrolysis by 100 1,M-Gpp[NH]p by 60% (results not shown). The differences in potency between the GTP analogues and GMP may reflect a selectivity of one or a number of unidentified N-proteins for specific guanine nucleotides. Although the reason for the biphasic curves for GDP and GTP is not clear, a speculative suggestion may be that these guanine nucleotides might interact with an N-protein which inhibits the inositide phosphodiesterase, analogous to the Ni which mediates the coupling of agonists to the inhibition of adenylate cyclase. Receptorcoupled inhibition of inositide turnover has been demonstrated in pituitary cells (Canonico et al., 1983) . Previous attempts to show GTP effects on inositide hydrolysis have been unsuccessful, although GTP has been reported to sustain an agonist-stimulated effect in blowfly salivary gland membranes (Cockcroft & Gomperts, 1985; Litosch et al., 1985) .
The significance of the small effects of the adenine nucleotides App[NH]p and ATP on inositide hydrolysis in membranes is also not clear. Litosch et al. (1985) similarly reported that ATP was effective in allowing the stimulation of inositol lipid breakdown by serotonin in blowfly salivary gland homogenates. ATP has also recently been reported to stimulate the hydrolysis of inositides in liver cells (Charest et al., 1985) . It may be possible that the ATP and App[NH]p stimulation represents a receptor-mediated event. However, ATP is not known to have effects on inositide hydrolysis in cortical slices.
It is well established that a phospholipase C-like enzyme is coupled to receptor activation and is capable ofhydrolysing phosphoinositides in brain tissue Jacobson et al., 1985) . Although calcium mobilization subsequent to stimulated PI turnover in brain remains to be demonstrated, it seems logical that receptor-mediated inositide hydrolysis in brain represents a signal transduction mechanism for synaptic transmission. In peripheral tissues, evidence is accumulating in support of an N-protein link in the coupling of calcium-mobilizing receptor activation and phosphoinositide hydrolysis (Litosch et al., 1985; Cockcroft & Gomperts, 1985) . Irvine et al. (1985) have shown that certain proteins can inhibit phosphoinositide phosphodiesterase activity in brain preparations. It is possible that guanine nucleotides interact with certain of these proteins such that they modulate the activity of the enzyme, either increasing or decreasing the activity. A recent report suggests that No, a specific N-protein with an as yet unidentified function, can interact with muscarinic receptors in brain (Florio & Sternweis, 1985) . It is tempting to speculate that No may be a coupling factor for receptor-stimulated inositide hydrolysis. In any case, our finding that guanine nucleotides can stimulate the hydrolysis of phosphoinositides in isolated cortical membranes suggests that phosphoinositide phosphodiesterase(s) can be activated by guanine nucleotides. Thus, inositide hydrolysis in brain appears to have control or regulatory mechanisms similar to what has been found in other cell types. Additional studies will be required to determine if this is a direct activation of the enzyme(s) and/or whether it occurs through some regulatory protein which is related to receptor-activated phosphoinositide hydrolysis.
